Purpose: Various studies examining the relationship between tumor suppressor protein TP53 overexpression and/or TP53 gene mutations and the response to chemotherapy and clinical outcome in patients with osteosarcoma have yielded inconclusive results. The purpose of the current study was to evaluate the relation of TP53 status with response to chemotherapy and/or clinical outcome in osteosarcoma.
INTRODUCTION
The TP53 gene has been considered to be important for carcinogenesis. This tumor suppressor gene, located at chromosome band 17p13, was initially identified as a regulator of genomic stability (1, 2) . Subsequently, the gene was found to have a broader function, acting as "a guardian of DNA" activated after cellular stress, such as DNA damage, aberrant proliferative signals, heat shock, or hypoxia (3) . The wild-type TP53 protein regulates genes involved in DNA repair, cell cycle arrest, and programmed cell death, and mutations have been implicated in carcinogenesis (4 -6) . Mutations of the TP53 gene are frequent in human osteosarcoma cells (7, 8) . Several studies have tried to investigate the clinical significance of TP53 gene alterations or TP53 protein overexpression in osteosarcoma (9 -24) , given the implication of TP53 in apoptosis induced by various cytotoxic chemotherapeutic agents (25) . These studies have yielded conflicting results. Many studies failed to show any relationship between TP53 status (either protein expression or the presence of gene alterations) and response to chemotherapy or disease progression (9, 10, 12-14, 17, 18, 22, 24) . However other investigations suggested associations with poor response to chemotherapy and decreased survival (15, 16, 19, 21) , whereas others were apparently inconclusive (11, 20, 23) . Most studies had limited sample size. Thus a quantitative synthesis using rigorous methods would be important to perform. We accordingly conducted a meta-analysis of all available studies relating TP53 expression and TP53 gene alterations with response to chemotherapy and/or clinical outcome, as defined by 2-year survival, because all studies had at least 2 years of follow-up.
MATERIALS AND METHODS

Identification and Eligibility of Relevant Studies.
We considered all studies examining the association of TP53 expression and/or TP53 gene alterations with osteosarcoma outcomes. Sources included MEDLINE and EMBASE (last search update September 2003). The search strategy was based on combinations of "osteosarcoma," "p53," "TP53," "p53 protein," "p53 mutation," and "17p13 gene." References of retrieved articles were also screened. Investigators were contacted and asked to supply additional data when key information relevant to the meta-analysis was missing.
All studies examining the relation of TP53 status to response to chemotherapy and/or clinical outcome (death) were eligible for our meta-analysis. We accepted all studies measuring TP53 status, regardless of the method of detection [immunohistochemistry (IHC) for measuring protein levels and reverse transcription-PCR (RT-PCR) techniques for identifying mutations in exons 4 -9 or microsatellite markers for loss of heterozygosity or other gene changes]. Whenever reports pertained to overlapping patients, we retained only the largest study to avoid duplication of information.
Definitions and Standardizations. For consistency, we use "TP53" for the gene name, "TP53" for the expressed protein, and "TP53 status" for covering both the gene and protein markers. TP53 alterations increase the half-life of TP53 protein, leading to nuclear accumulation of mutant TP53, which can be detected by IHC (21, 26) . However TP53 protein accumulation measured by IHC does not necessarily correspond to TP53 mutations detected by RT-PCR (27) (28) (29) . Thus, the overall analysis considered all studies, regardless of whether protein expression or mutants were being evaluated, but we also performed separate analyses for TP53 protein expression and TP53 gene alterations. In the overall analysis, for studies using both IHC and RT-PCR we used the IHC data but also examined RT-PCR data, and results were similar (data not shown). For studies using IHC, we used prespecified rules to standardize, as much as possible, the definition of a positive test for studies that used different cutoff thresholds. We defined TP53 protein positivity as nuclear cell stain in at least 10% of the tumor cells, a definition followed by most studies. When different definitions were used, we accepted the cutoff closest to the 10% level.
We defined "response to chemotherapy" by the percentage of histologic necrosis of tumor cells in specimens obtained after chemotherapy. A cutoff of 90% necrosis was used to separate responders from nonresponders. Equivalent cutoffs were used for studies using other classifications. Thus, for studies using the Huvos grading system to evaluate histologic necrosis (30), we considered as responders those with grade 3 or 4 response, whereas in Salzer-Kuntschik's classification (31), we considered as responders those with class 1, 2, or 3 response.
The clinical outcome of interest was mortality. Clinical outcomes were standardized to include 24 months follow-up in all studies to avoid some studies contributing very long-term follow-up data as compared with others. All studies had at least 24 months of follow-up, and censoring was very uncommon before this time point.
Data Extraction. Two investigators extracted data from eligible studies independently, discussed discrepancies, and reached consensus for all items. We extracted data on characteristics of studies and patients, measurements, and results. In each report we recorded author names, journal and year of publication, country of origin, years of patient enrollment, number of patients analyzed, stage and grade of osteosarcoma, demographics, chemotherapy and surgery used, timing of TP53 status measurement (before or after chemotherapy), type of measurement, antibodies used for IHC, exons analyzed with RT-PCR, definition of positive test, and blinding of measurements to the study outcomes. Data on the main outcomes were entered in 2 ϫ 2 tables showing the histologic response/nonresponse to chemotherapy and the occurrence/nonoccurrence of death within 24 months per TP53 status. We also recorded the number of patients censored alive before 24 months.
Statistical Analysis. Data on the diagnostic performance of TP53 status for determining histologic response to chemotherapy were evaluated by constructing a summary receiver operating characteristic (SROC) curve and estimating the combined positive and negative likelihood ratio [LR (LRϩ, LRϪ)].
For a diagnostic or predictive test, the sensitivity (true positives) and specificity (1Ϫfalse positive) are related with each other; therefore, it is not totally correct to estimate these two quantities independently. To bypass this problem, one may use the SROC method. The SROC curve is estimated by the regression D ϭ a ϩ bS, where D is the difference of the logits of the true positive and false positive rate, and S is the sum of these logits (32) . Both weighted and unweighted regressions were estimated. The SROC curve shows the trade-off between sensitivity and specificity across the included studies.
LRs are also metrics that combine both sensitivity and specificity in their calculation. LRϩ is defined as the ratio of sensitivity over 1 Ϫ specificity, whereas LRϪ is defined as the ratio of 1 Ϫ sensitivity over specificity. When there is absolutely no discriminating ability for a diagnostic or predictive test, both LRs equal 1. The higher the LRϩ and the lower the LRϪ, the better the discriminating ability. Although there is no absolute cutoff, a good diagnostic test may have LRϩ above 5 and LRϪ below 0.2. Between-study heterogeneity was assessed with the Q statistic (33) . In the absence of significant heterogeneity, study-specific LR values were combined with fixed effects models (34) .
Data on the predictive ability of TP53 overexpression or TP53 gene alterations for death were also combined across studies using risk ratios for 2-year mortality (33) . The risk ratio shows the rate of 2-year mortality in the group with TP53 overexpression or TP53 gene alterations divided by the rate of 2-year mortality in the group without TP53 expression or TP53 gene alterations. Between-study heterogeneity in the risk ratios was assessed with the Q statistic (33) . In the absence of significant heterogeneity, risk ratios were combined with fixed effects models (34) . Random effects estimates were also obtained (data not shown), but they were considered less appropriate because several studies had very small numbers of events, and they would offer no advantage in the absence of between-study heterogeneity (34) .
Sensitivity analyses examined the effect of limiting the evaluation to studies using the 10% IHC cutoff and studies that clearly stated that measurements of TP53 status were blinded to outcomes. We also examined using appropriate bias diagnostics whether there was evidence that the results differed in small versus large studies (35) or were changing gradually over time with the publication of more recent studies (36) .
Analyses were conducted with SPSS 10.0 (SPSS, Inc., Chicago, IL), Meta-Analyst (Joseph Lau, Boston, MA), and Meta-Test (Joseph Lau, Boston, MA). P values are two-tailed.
RESULTS
Eligible Studies. We initially identified 23 reports examining the role of TP53 status in patients with osteosarcoma. Of those, five reports were excluded: four due to lack of any informative clinical data (37) (38) (39) (40) , and one because of overlapping with another study (41) . Three reports pertained to the same study (22, 42, 43) , and two (42, 43) described outcomes on a subset of patients included in the other study (22) . We retained the publication with the larger sample size, but we also used information for 2-year survival from the subset publications because no such data were provided in the publication with the (20) were included in another study (11) . We accepted both studies, but we excluded these two patients from the first study (20) . In all, 16 independent eligible studies, which enrolled a total of 499 patients, were included in the quantitative synthesis. Nine studies (282 patients) had data on histologic response to chemotherapy, and 14 studies (436 patients) had data on 2-year survival. Forty-eight patients (9.6%) had documented metastatic disease at diagnosis. Ten studies stated that osteosarcoma was of high grade (9 -13, 16, 19 -21, 23) , one study stated that it was of high or intermediate grade (24) , and one study stated that it was of low or intermediate grade (14) . No grading information was available in four studies (15, 17, 18, 22) . The mean or median age of patients included in each study ranged from 13 to 67 years across the eligible studies; generally, the populations were young, with the exception of two studies (11, 12) . All analyzed osteosarcomas were treated with combination chemotherapy regimens (at least three or four drugs) including doxorubicin, cisplatin, methotrexate, ifosfamide, dactinomycin, bleomycin, or cyclophosphamide in various combinations. Surgery comprised resection, limb salvage, disarticulation, curettage, or amputation procedures.
Nine studies used IHC to determine TP53 status (9, 10, 12, 17-21, 24), four studies used RT-PCR (13, 15, 22, 23) , and three studies used both IHC and RT-PCR determinations (11, 14, 16) . One study from those using both RT-PCR and IHC had clinical data only on RT-PCR determinations (14) . Six studies used the 10% cutoff for TP53 protein positivity, whereas different thresholds (0 -5%) were used in the remaining reports ( Table 1) . The most common antibody used for the detection of TP53 with IHC was DO-7, but other antibodies were also used. The cutoff of 90% necrosis to separate responders from nonresponders was used by five studies (10, 16, 17, 21, 22) , whereas two studies used the Huvos grading system (9, 23) and two studies used Salzer-Kuntschik's classification (13, 18) . Five studies clearly stated that determination of TP53 status was blinded to outcomes (9, 17, 19 -21) . The incidence of histologic response to chemotherapy ranged from 10% to 59%, and 2-year mortality rates ranged between 6% and 52% across the eligible studies. Both the chemotherapy response rates and 2-year death rates differed significantly across studies (P Ͻ 0.001 for both). This may be due to differences in the case mix of the study populations (e.g., grade and stage) and/or the therapies used.
Data Synthesis: Response to Chemotherapy. TP53 status had no discriminating ability to identify poor versus good responders to chemotherapy. When all studies were considered, the SROC curve passed very close to the diagonal, suggestive of total lack of discriminating performance (Fig. 1) . According to the SROC, a sensitivity of 50% corresponded to a specificity of 56%, and a specificity of 50% corresponded to a sensitivity of 57% in the weighted analysis. Unweighted estimates were similar (Fig. 1) .
Separate analyses with studies using either IHC or PCR were similar (Table 2 ). In the main analysis and various sensitivity analyses, LRϩ remained in the range of 1.06 -1.49, and LRϪ remained in the range of 0.89 -0.95, values characteristic of very poor discriminating performance (Table 2 ). There was no significant between-study heterogeneity for either LRϩ or LRϪ in any of these analyses. There was also no evidence that large studies yielded markedly different results compared with smaller studies or that early studies differed significantly against later publications. No specific study showed large discriminating ability.
Data Synthesis: Survival at 24 Months. TP53-positive status tended to be associated with a worse 2-year survival with a 1.30-fold higher risk of death at 2 years (P ϭ 0.12) without significant differences between studies (no statistically significant between-study heterogeneity; Fig. 2 ). The observed trend did not change considerably when we excluded patients who presented with metastatic disease at diagnosis. The risk ratio was smaller in studies with IHC determinations than in studies with determinations of TP53 gene alterations and reached formal statistical significance only in the latter group (Table 3 ). The survival difference was somewhat stronger and formally statistically significant in studies that stated that measurements were blinded to outcomes. Larger studies tended to show stronger association of TP53-positive status with 2-year mortality when compared with smaller studies (P Ͻ 0.10).
DISCUSSION
This meta-analysis showed that TP53 status (either TP53 protein overexpression detected with IHC or TP53 gene alterations detected by RT-PCR) in patients with osteosarcoma had no discriminating ability for identifying poor versus good responders to chemotherapy. TP53-positive status showed a modest association with worse 2-year survival, particularly in studies evaluating TP53 gene alterations. This was not clear in studies evaluating TP53 protein overexpression or in the overall analyses.
The potentially discrepant results concerning response to chemotherapy and survival are challenging. The discrepancy may be due to bias because the correlation with survival was modest and not formally significant for the protein-level data. Alternatively, it might offer a hint on the potential mechanism of action of TP53. TP53 may contribute to tumorigenesis as an early event and determine osteosarcoma features such as tumor grade, type, aggressiveness, and metastatic potential without regulating response to chemotherapy (44) . Chemotherapy may NOTE. All figures are based on random effects calculations. All P values for between-study heterogeneity were Ͼ0.1. Abbreviations: CI, confidence interval; PCR: polymerase chain reaction * Only one study with 17 subjects used the 10% cutoff; thus, this sensitivity analysis would not be meaningful. Fig. 1 SROC curve analysis summarizing the discriminating ability of TP53 status for separating good and poor responders to chemotherapy based on histologic criteria (as defined in "Materials and Methods"). Each study is shown by an ellipse demonstrating the sensitivity and specificity of TP53 status for predicating a poor histologic response along with lines extending to the respective 95% confidence intervals. The ellipse axes are proportional to the weight of each study in terms of sensitivity and specificity. The data are summarized with weighted (thick line) and unweighted (thin line) SROC curves.
eliminate metastatic cells according to TP53 status, resulting in modulation of overall survival, but the effect on the primary tumor mass may be less prominent. Finally, the methods for determining response to chemotherapy are not very accurate, and this might have affected the ability to detect a modest association. Another challenging result of this meta-analysis was the stronger observed association of poor survival with the presence of gene alterations rather than with IHC positivity. The correlation between IHC and RT-PCR is not straightforward (45, 46) . Not all mutations yield a stable protein, and some result in protein truncation not detected by IHC (27) . Furthermore, TP53 protein detected with IHC is not always mutant. Nonmutated wild-type TP53 protein may also accumulate in some cells after exposure to DNA-damaging agents or by binding to other cellular proteins (27) . Currently used IHC antibodies cannot discriminate between mutant and wild-type TP53 protein (45) . Along the same lines, studies using sequencing for TP53 mutations in breast cancer have shown strong association with survival, whereas those using IHC failed to show this (29) . Other investigators have suggested that the combination of IHC and RT-PCR data may provide complementary prognostic information (47) . Such inferences should be made cautiously because chance differences cannot also be excluded.
Given these measurement issues and the small sample size of most studies, it is probably not surprising that there is a large body of literature showing that TP53 status correlates with outcomes for various malignancies as well as a considerable body of literature of "negative" studies. The documentation or rebuttal of such associations should preferably be performed with large-scale evidence on many hundreds of patients because single studies of limited sample size, when seen in isolation, may yield spurious results.
Some limitations of this meta-analysis should be discussed. First, publication bias may be a problem in meta-analyses. We tried to identify all relevant data and retrieve additional unpublished information, but some missing data were unavoidable. Typically, publication bias results in seeing stronger associations in smaller studies than in larger studies. However, in our meta-analysis, we reassuringly observed a stronger association of TP53-positive status with 2-year mortality in larger studies. Moreover, the association was clearer in high-quality studies with blinded assessment of outcomes. Second, there was some unavoidable variability in definitions of methods, measure- NOTE. All P values were Ͼ0.10 for between-study heterogeneity. Risk ratio was estimated with fixed effects models.
Abbreviations: CI, confidence interval; PCR, polymerase chain reaction. Fig. 2 Meta-analysis of the association between TP53 status and the risk of death at 2 years. Each study is shown by the name of the lead author, year of publication, and the risk ratio with 95% confidence intervals. Also shown are the summary risk ratio (total) and 95% confidence intervals with fixed effects calculations. ments, and outcomes in each study, despite our effort to standardize definitions. Third, the sample size of the meta-analysis is still modest. However, given that osteosarcomas are not very common on a population basis, the sample size of this investigation is one of the largest to date among studies targeting this malignancy.
Finally, the estimates that we obtained were unadjusted for other parameters that may be related to osteosarcoma outcomes such as tumor size, histologic type, and chemotherapeutic regimens. However, treatment in the analyzed studies was not determined based on TP53 status. It is unknown whether a detrimental effect of TP53 status on survival may be explained by other tumor determinants such as size, type, and grade. Moreover, the interaction of this marker with other molecular markers such as P-glycoprotein (37, 48) or p21 (49) remains unknown and should be a matter for further investigation. Multivariate models also including other parameters should consider including TP53 status in the future as a predictor of outcome in osteosarcoma.
